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OPTIMIZING A LIQUID PROPELLANT ROCKET ENGINE
WITH AN AUTOMATED COMBUSTOR DESIGN CODE
~-AUTOCOM

by D. S. Hague, R. H. Reichel, R, T. Jones, and C. R. Glatt

Aerophysics Research Corporation

SUMMARY

A digital computer code, AUTOCOM, has been developed as an aide to
the liquid rocket engine designer. The code considers the combined
effects of engine performance, stability, pressure drop, injector
complexity, chamber length, chamber diameter, and mixture ratio
characteristies. The code has the ability to automatically define
the optimal chamber design recognizing these diverse engine charac-
teristics. An optimum design is generated by means of function
minimization techniques operating on an engine rating which measures
the actual engine's payload potential loss from a hypothetical
ideal combustor which has one hundred per cent of theoretical

C* performanc., infinite damping rate for all modes of instability,
zero pressure drop, zero chamber length, chamber diameter equal to

throat diameter, ete.

The code is applied to the optimization of an existing engine.
Payload potential is substantially improved by introduction of a
series of design perturbations. Computer time required to develop

the improved engine is four minutes on the CDC 6600 computer.




1.0 INTRODUCTICH

In designing a liguid rocket combustion chamber the engineer must
compromise between characteristics such as performance, stability,
weight, injector complexity, cost, etc. These engine characteristics
are not items which are directly controlled by the designer. Instead,
they are complicated functions of the independent design variables
aveilable to the designer, for example, injector hole size, chamber
length, ete. To further complicate the problem, frequently there are
severql techniques that can be used to predict how an engine charac-
teristic (such as performance) varies with the independent design

variables.

If the engine designer had infinite funds and time available to him,

he could design many combustors with different corbinations and per-
mutations of the various independent design varigbles. Engine
characteristics could then be calculated for each design with all

the available technigques. If the designer had the ability to digest
all of this information, he could then select the optimum design for
his particular application. The selection would be made, of necessity,
on the basis of weighting factors applied to both the various engine
characteristics and the characteristic values predicted by different

techniques.

With limited funds and time, the designer can only examine a few
designs, and, because he is familiar with only a few techniques for
calculating the various characteristics, he uses only this limited

set of techniques to test the acceptability of each design. Using this
approach some characteristics are never determined until after the
combustor has been built, tested,.and often found unacceptable. For
example, stability characteristics which are particularly difficult

to assess frequently result in an unacceptable engine design. Usually




th; designs selected in a projeci are those that are very similar to
designs that have been successful in the pést. As a result, a design

of another group that would be better for a particular application

is frequently néglected or ignored. Similarly, when trouble is
encountered during the development phase, changes are made to overcome
the particular problem using past experience instead of determining
which variable or set of variables could be used to overcome the problem

with the least sacrifice to other characteristics.

The work performed under the present contract was directed to the
development of a generalized computer program to calculate all the
characteristics of a given combustor design. The program then uses

a perturbation technique to determine the changes in the design
variables that produce the greatest improvement in the rating of the
combustor design. The program then follows the path that produces

the greatest lmprovement in the rating to arrive at a combustor design
that has the best combination of all variables. This design is called
the optimum combustor design. The automated combustor design code
which generates the optimum combustor design has been given the acronym

AUTOCOM.

In any optimiz tion situation, the engineer/designer is ultimately faced
with the problem of selecting the rating or value function which is to
be minimized. In this report the rating of a design is based on a
weighted average of all the characteristics of a given combustor. The
weighting factors are constants used to obtain both average character-
istics and a rating. The constants are intended to allow the designer
to introduce his views regarding the importance or validity of one
technique for obtaining a given characteristic versus ancther technique

for obtaining the same characteristic. For example, if the designer




believes that only one technique is valid for predicting the perfor-
mance of a given design, he will assign a unity value to the weighting
factor constants for that specific characteristic, and the constants

for all the other performance characteristics will be zero. Similarly,
the weighting factor constants in the equation to obtain a single

rating for a given combustor design are intended to allow the designer
to introduce the relative importance of different types of character-
istics, for example, stsbility versus performance. The weighting factor
constants, therefore, give the designer the same control and flexibility
in the computer program as he has in the present "cut-and-try" system.
To establish a base point for the rating system, a hypothetical ideal
combustor is given a rating of zero. The hypothetical ideal combustor
would have one hundred per cent of theoretical C¥* performance, infinite
damping rate for all modes of instability, zero pressure drop, zero

chamber length, chamber diameter equal to the throat diameter, etc.

Specific teéhniques for obtaining the various combustor characteristies
contained in the AUTOCOM code are outlined in Appendix A of this report.
The code is written in a modular fashion which permits rapid extension
of the combustor characteristic equations. This approach leads to an
open ended code capable of future development and extension consistant

with the growth of capability ia combustor design analysis.

The optimum combustor design procedure is now an operational tool capable
of rapid application to practical design problems. This report is
primarily intended as a demonstration of the current version of the
AUTOCOM code. An existing liquid propellant rocket engine having a well
established rating value is studied. An improved design is then auto-
matically generated by the AUTOCOM code, and a significantly better design
is developed. The approach followed is outlined in Section 2; Section 3

describes the nominal engine in detail. Section i traces the development



of the improved design. Conclusions are presented in Section 5, and

a self-contained brief outline of the AUTOCOM analysis procedure is
presented in Appendix A. Appendix B describes a recently developed
multivariable optimization algorithm which is believed to represent a
significant improvement over ofher existing algorithms in terms of

the number of design perturbations required to obtain an optimal design.
Appendix C presents a list of weighting factor constants used in the
development of a combustor rating or value function for the study of
the sample engine; the application of these weighting factor constants

is discussed in Section 2.




2.0 APPROACH

The AUTOCOM code considers the following major characteristics

in the combustor design synthesis:

I Performance

II  Stability

IITI Pressure Drop

v Injector Complexity
v Chamber Length

VI Chamber Diameter
VII Mixture Ratio

In view of the uncertainties associated with prediction of combustor
design characteristics, each major characteristic is computed as an
average engine characteristic. Each average characteristic is an
appropriate weighted sum of the characteristic value obtained by altern-
ative accepted computation procedures. Each such computation procedure
defines a specific combustor characteristic. The weighting factors
employed in combining a subset of the specific engine characteristics
into a particular average engine characteristic may be selected by the
user. They thus can be used to reflect user relative confidence in

each specific combustor characteristic.

Each specific engine characteristic is a function of the design variables
entering into the combustor design procedure. These combustor design

variables include

1l. Diameter of fuel orifices

2. Diameter of oxidizer orifices
3. DNumber of fuel orifices
L

« Number of oxidizer orifices




5. Volume of fuel manifold
6. Volume of oxidizer manifold
T. Length of fuel orifices
8. Length of oxidizer orifices
9. Length of chamber

10. Diameter of chanber

11. Mixture ratio

A subsect of these variables defines each specific engine

characteristic.

The combustor rating provides a single numerical measure of the com-

bustor's capability and is constructed on the basis of a weighted sum

of the average engine characteristics. The weighting factors employed

in computing the combustor rating are user-defined in the AUTCCOM code.

In this note, these weighting factors are based on the impact of each

average engine characteristic on vehicle phyload capability; they define

the payload penalty associated with each characteristic.

The rating function employed in the AUTOCOM code is

B (B

F_.)
FI
¢ =hpp - Fp T Apppoc e

+ C .
FII FI1 11

B
FIII FIV
: + . F
*Aprrr 0 Fron Bpry * Ty

FV FIV
Ay Tyt Ay Ty
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FVII
* Apyrr 0 Fynr
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where
FI is the average performance characteristic based on C¥
efficiency and varies from 0 to 100 per cent. -

FII is the average stability characteristic based on an
equivalent damping rate and varies from -« (damps at an
infinite rate with time) to + «(grows at an infinite

rate with time)

FIII is the average pressure drop characteristic based on the
pressure drop across the injector face and varies from

0 to o,

FIV is the average injector complexity characteristic based
on the number of injector elements, type of element, injector
cavity volume and injector face thickness: wvaries from

0 to «,

F is the average length characteristic based on the chamber

length from injector to nozzle throat, varies from O to w.

FVI is the average chamber diameter characteristic based on
the chamber diameter at the injector face, varies from
0 to =,

FVII is the average propellant mixture ratio characteristic which

varies from O to e.

and the ¢ t
1e constants AFI’ AFII’ . . "BFI’BFII’BFIII" . e BFVII’ CFII

are weighting factors used to define appropriate measures for combining

the average engine characteristics into the final combustor rating.




The average cngine characteristics in turn are appropriate weighted
averages of the specific combustor chearacteristics which are computed
from well-defined equations and/or curves accepted by the engineering

and scientific community. Weighted averages employed in the AUTOCOM

code are
i=15
FI = % [aﬁ(loo - fi)] (2)
i=11
=il 2 - T
Py = log, (e T2 (3)
i=20
F = ( . - .
111 T Ppgy  Ta Byt 1320/ (apy +oapg) (k)
i:);h
Fry= /2 ag + £y (5)
i=41
afs52
FV = afSl . fSl (6)
afb?
Fyr = 8 gy (f61 - 1.0) (7)
a2
FVII = af71(bf7l - f71) (8)

Here, the specific combustor characteristics, fi, are obtained as

follows, with definitions given in Appendix A.
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20
21

22

23
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Tos

is the percent mass vaporized of fuel.

is the percent mass vaporized of oxidizer.

is the C¥* efficiency determined by the mixing model of NASA.

is the C¥ efficiency determined by the A. D. Little Correlation

for Pulsed Combustors.

is the C¥* efficiency determined by the A, D. Little Correlation

for Non-Pulsed Combustors.

is the chugging decay rate based on the fuel system.

is the chugging decay rate based on the oxidizer system.

o

is the stability characteristic based on the A. D. Little

Correlation for Pulsed Operatlion.

is the stability characteristic based on the A. D. Little

Correlation for Non-Pulsed Operation.

is the stability decay rate characteristic based on the

stability analysis of Dykema for the fuel.

is the stability decay rate characteristic based on the

stability analysis of Dykema for the oxidizer.

is the stability decay rate characteristic based on the

sensitive time lag model for a longitudinal moge.

10




is the stability decay rate characteristic based on the

sensitive time lag mcdel for transverse modes.

is the stability decay rate characteristic based on the

response function approach of NASA Lewis Research Center.

is the stability characieristic based on the non-linear

stability analysis of NASA Lewis Research Center.

is

is

is

is

is

is

is

is

the

the

the

the

the

the

the

the

the

the

the

injector fuel pressure drop characteristic.

injector oxidizer pressure drop characteristic.

number of injector fuel plus oxidizer holes characteristic.

volume of the injector oxidizer dome characteristic.

volume of the injector fuel dome characteristic.

length of the injector oxidizer holes characteristic.

length of the injector fuel holes characteristic.

'injector type complexity characteristic,

injector length characteristic.

combustion chamber diameter characteristic.

propellant mixture ratio characteristic.

11



The combustor design optimization process is based on minimization of
the combustor rating and, hence, the payload penalty. The rating is
clearly a function of the combustor design variables, and the weighting
Tactors entering into both the rating equation and the average engine
characteristics. In a given copputation, these weighting factors are
fixed, based on payload impact and degree of confidence in each
specific combustor characteristic. It follows that the combustor

optimization problem can be formally stated as
¢ = Min [¢(o,)] (9)

where ¢ is the combustor rating, ¢* is the optimal combustor rating,

the 05

these design variables. Equation (9) defines a multivariable optimi-

are the combustor design variables, and ai is the the vector of

zaltion problem which, due to the non-analytic nature of several specific
combustor characteristics, can only be solved by numerical methods,
Reference 1. These methods involve repetitive combustor design eval-
uations using perturbed sets of combustor design variables. DBy properly
organizing the design variable perturbations on the basis of their
effect on the combustor rating, the succession of designs generated can

be made to converge to the optimal design satisfying Equation (9).

Selection of successive design variable perturbations involves the appli-
cation of multivariable search technigues. A variety of such search
techniques have evolved in recent years. They include elemental one-
paremeter-at-a-time methods, organized methods which require the eval-
uvation of first- and second-order partial derivatives 3¢/3ai and
32¢/8uiaaj and finally randomized techniques. The AUTOCOM code contains
a selection of all three types of search procedures based on the Ref-
erences 1 and 2 optimization program AESCP. The scarches may be used
separately or in combination at the user's option. Usually a combination
of scarches will provide more rapid and regular convergence to the optimal
design than will the repetitive application of a single search algorithm

such as, for example, steepest-descent.

12




An overall scaenatic diagram of the AUTOCOM program is presented in
Figure 1. The remainder of this note describes the application of
AUTOCOM to the optimizaticn of & liquid rocket engine combustor. The
procodures employed to insure ar adequate numerical model of the

design process while controlling elapsed computer time are described

in some detail. Convergence from an initial nominal design to the

final cptimal design is reportel and convergence plots for the combustor
rating and each design variable are supplied. An outline of the
availagble specific ccmbustor characteristic computztions is presented

in Appendix A.
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3.0 THE KOMINAL ENGINE

3.1 DECCRIPTION

The nominal engine is an existing 15000 1lbf-thrust liguid rocket engine.

Combustior design variables for this engine are

1.

O oo =~ O 1w N

(S
= o

Fuzl Orifice Dismeter

0¥ Crifice AP Dianeter
Number Fui:l Elewments
Fuwsber OX Elements
Vol, Fuel lzanifold

Vol. 0XZ Manifold
Length Iue’ Orifices
Length OX Orifices
Length of Chamber
Diagneter Chanmber

Mixture Ratio

.195 inches 0.D.,.145 inches I1.D.
(.129 inches diameter equivalent hole)
.084 inches

216

216

10 inche53

10 inches

.06 inches

.40 inches

11.22 inches

10.28 inches

5.06 1lbm OX/ 1bm Fuel

Other pertinent but fixed design parameters include

Propellants

Element Type

OX Orifice Velocity Diam.
Element Impingement Angle
Total Propellant Flow
Thrust

LOX Temperature

Ho Temperature

iroat Diamecter

Hydrogen and LOX

Concentric Tube (Hydrogen on outside)
.11 inches

0 degrecs

33.72 lbm/second

15000 1bf.

Boiling

349°R

5.1k inchcs
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Tt S sava g o i -... - - 3 3 3
Tr'e engine rung ab ithe folleving measured conditions:

Fuel Injection AP 83.1 psi

10X Injeozicn &P L8.3 vsi

C* Efficiency 98.6 per cent

I Lil  1bf-sec/lbm

§D

Chawber Pressure (injector
d. & / ~

face,s:au;c) 396.L psi

These »unning cenditions were used to check the norinzl engine description

in the ccmwbustor synthesis.
Computzd running conditions from the AUTOCCHM code were

Tuel Injection AP 82.9 psi

10% Injection AP 18.5 psi

C* Bfficiency See Section 3.2
I. L4k, 8 1bf-sec/lbm
ressure (Injeclor fuce,

static) 372.8 psi

Tt is zssumed “het the low charter pressure computed results from the
ratio of specific heats employved for the propellent corbination (y = 1.2503)
and thz comtustion tenperature (TC = 5722°R). A more complete set of

compuizd engine running conditions is presented in Teble I.

P

3.2 f2RCIRIC

2

9

1€TOR CHARACT

Specific corbustcr characteristics for the non ingl engine are presented

~esulting from the

ps
fD
&
o
]
ct
e
0
9]

in Tele II. The average engline charact
selectzd specific combustor characterictics are shown in Teble III. The
rating velue resulting from the selected average engine characteristic

c
o
weignting factors is also presernted in Tebvle III.

Ii ghouid be noizd tnon the spzcific corbustor stzbility charazcleristic

comsw s elmost £21 the comrulcticnal tive reguired for the eveluation of




MUMHER 316 En Nt TYPE N0
1r.ST CoSE
TR0ST = 15000 POUND
0¢ 7 H>2 PROFELLANT
OPTINIZATION WUN

GENERAL ENGING PARANETERS

COM=STON TuRUST FORCE

POOPFLLANT SPECIFIC [MVPULSE

CHAVRE® PRESSURE AT [WJFCTOR HEAD

TOTAL PCORFLLANT FLOW PATE

FUEL WETGHT FLOW RATE

OXIDIZER UEIGHT FLOW KATE

COMAUSTICH TFHPERATURE IN CHAMBER

RATIO OF SPECIFIC HEAT OF COMAUSTION GAS

GAS CONSTAMT UF CO%RUSTION GAS (ft.1b./1Db.OR)

IDEAL THPUST COEFFICIENT

ACOUSTICAL LENGTH OF CHAMAFR

MOLECULAR wEIGHT NF COM=USTION GAS

MEAN RESTOINCE TIME OF 6AS IN CHAMRER

SPEED OF SOUMD IN CHAMBER

COMRUSTION CHAMRER MACH NU¥KER

INJECTOR PRESSURE DROP FOR FUEL

INJECTO® PHRESSUPE DROP FCR OXIDIZER

COMAUSTION CHAMGER VOLUME

AVEZAGE VELOCITY OF GASES IN CHAMBER

FUEL TNMJFCTION VELOCITY

OXIDTZE® INJECTICH VELOCITY

TOTAL A®FA OF FUEL INJECTOP ORIFICES

TOTAL APEA NF OXINIZER INJECTOR ORIFICES

CHAYRER LENGTH TO VAPORIZE §0 PER=CENT OF FUEL

CHAMBER LENGTH TO VAPGRIZE S0 PER-CENT OF OXIDIZER

¥ Fuel in a gaseous state

TABLE I. MNQOYMINAL ERNGIHE RUNNING CONDITIONS

THRUST
ISP
pCl

wt

WE

WOX
TCOM3
SPHEAT
RGAS
CFIDEL
LOUM
MOLWT
THETAG
cs

MC
DELPF
DELPX
ve
VELC
VFUEL
VOXID
TAF
TAX
LsFueL®

L50X10

(Dimensions «re in inches, 1b., sec., OR)

1T

15900.0
G46, 840
372.765
33,7200
5.56445
28,1556
5764491
1.24944
127.127
1.93928
8.81574
12,1453
B.56726TE~04
65133.9
«201068
82,9049
48,4525
661,565
13096.4
13013,0
339.511
2.,R3184%
1.19702
0.

+636932



NUMPFR 314 EMLINE TYPE 10,1
TEST CAst
F=20ST = 195030 POUND
U2 / H?2 PROPSLLANT
02TImlZaTIoNn HUN

SPFCIFIC COMBUSTNIR CHLRACTERESTICS

PER CFNT MeSS FUEL VAPGRIZED F11 = 100. (Gaseous)
EFR CENT MASS NF OXIDIZEN VAPQRIZED F172 = 99.8122

C# FFFICIENCY MIXING MODEL F13 = 100.900

C® FFFICIENCY PIH.SFO COMBUSTORS Fl4 = 91.3821

C® EFFICIENCY MGM=PULSED COMRUSTURS F15 = 73.7665

FUEL SYSTEY CHUGGING DECAY RATE F20 =-1036.
07INI17FR SYSTE™ CHUGGING DECAY RATF F21 = -261.5
PULSED INSTABILITY CHARACTFRISTIC F22 = -37.481%
NON=-PULSFD INSTABILITY CHARACTEXISTIC f23 = Not Computed
DYKEMA FUEL STARILITY OFCaY KATE F24 =Not Computed
DYKF¥A OXINIZER STARILITY DECAY RATE F25 = =2964.82
STARILITY LONGITUDINAL TIME LAG F26 = =1681,31
STARJLITY TRANSVERSE TIVE LAG F27 = =4172,643
STAMILITY LT PESUERNSE FUNCTION F2g = =360.322
STARILITY PRIEM LINEAR ANALYSIS F29 = ~46427,.,6
FUEL PRFSSHRE NXOP CHARACTFRISTIC F31 = BZ2.9049
OXIDI7F¥P PPESS'IFE DROP CHARACTEXISTIC F32 = 4B,4525

FUSL PLUS AXIDIZER HOLES CHARATERISTIC F4l = 431.000
OXIDI7ER DOME VOLUME CHARACTERISTIC Fa2 = 10.0000

FUEL DOME vOLUME CHARACTE&ISTIC F43 = 10.0000
OXINIZFP HOLE LENGTH CHARACTERISTIC Fas = 600000

FUEL KOLE LENGTH CHARACTERISTIC F4s = 6.000000E-02
INJFCTOR TYPE COMPLEXITY CHARACTERISTIC fues = Not Computed
IMJECTOR LFMGTH CHARACTERISTIC . FS1 = 2.18288
CHAMRER DIA“ETER CHAKACTERISTIC F6l = 2.060000
MIXTURE RATIO CHARACTERISTIC F71 = S5.0599¢0

TABLE II. NOMINAL ENGINE SPECIFIC COMBUSTOR CHARACTLRISTICS

18
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& combustor. This is due to the time consuming complex characteristic
equation solutions required for chugging (fgo and fgl), longitudinal

time lag stability analysis (f26), transverse time lag stability analysis
(fp7), and the Lewis response function stability analysis (fpg). Table
IV presents a summary of the characteristic stability equation roots for
the nominal engine. The least stable root is obtained from the trans-

verse time lag analysis (fo7) using a value of Sy, = 3.0543.

3.3 A NOTE ON STABILITY ROOTS

Some difficulty was initially experienced in computing the nominal engine
stability characteristics for the time lag analyses. The AUTOCOM
program assumes a value of the Reardon interaction index, n, of 0.5

for tho longitudinal time lag analyses (fpg) and 1.0 for the transverse
time lag analysis (fo7). With these interaction index values, the nomi-
nal engine was found to be slightly unstable in two of the transverse
modes, Table V. A sensitivity study on the effect of interaction index
value was undertaken; as a result, an interaction index value of

0.45 was subsequently utilized in all transverse time lag analyses and
an inveraction iudea value ol 0.9 was used Tor the longitudinal analysis.
These values were used to obtain the time lag analysis roots shown in

Table IV.

A second point should be noted regarding the stability roots. Ko root

is found corresponding to the third value of SVh = 3.8317 in the transversec
time lag analysis (fp7). The missing root can be found by varying the
initial guess value in the complex plane for this particular root.
Following this procedure the missing root was found to be at the point
(-.5942k * 33.514k4) when the Reardon interaction index was 0.9. The

root is thus highly damped.

20
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When correncing an optimization study, side analyses of the above type
may be rc.uired to locate particularly difficult roots. This procedure
should also be followed whenever the root imaginary part is not
spproximately equal to the corresponding value of SVh in the transverse
time lag analysis (f27) and the Bessel argument, m, in the Lewis
response function analysis (fpg8). This point is discussed further in

Section L.1.
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4.0 OPTIMIZATION COMPUTATIONS

Optimization computations were initially undertaken using all specific
combustor characteristics and all stability roots. However, it was
noted that the design variable perturbations introduced little change
in the ccmputer time consuming stability equation roots. Accordingly
the combustor analysis was divided into two classes of computation.
These were an approximate analysis which considered fewer (possibly
none) of the stability roots and a complete analysis in which all
stability roots were computed. It is emphasized that the approximate
analysis is only epproximate in that the calculation of the less signi-
ficant stability roots is omitted. Clearly, by a judicious mix of
complete and approximate analyses the total elapsed ccmputer time
required for the definition of an optimum engine design can be dras-

tically reduced.

4.1 THE FIRST TWENTY ITERATIOQNS

Following initial experimentation using all stability roots, the engine
was subjected to twenty design iterations using all specific combustor
characteristics. An approximate analysis mode was cmployed which con-
sidered only the relatively rapid calculation for the longitudinal time
lag analysis (fpg) and the transverse time lag analysis (fp7) for the
single Sy, value of 3.0543 (the least stable transverse time lag root).
This approximate analysis permits both longitudinal and transverse

stability characteristics to be monitored.

Initial and final stebility roots from this optimization calculation
are presented in Table VI. It can be seen that little change has
occurred in the stability roots. The trend is to increased stability

in the less stable transverse mode and to less stability in the more

2k
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steble longitudinal mode. It mzy te noted that the transverse time

laz analysis of Teble VI considers two solutions to the stability
equation with SVh = 3.0543. These are the true sclution with the
fregusncy approximating SVh’ and a spurious solution with the frequency
eprroximating w/2. These spurious sclutions with a frequency approx-

imating n/2 ¢ :e often encountered in the time lag analysis. If the

d
]
1
o
m
o]
.

lution is not obtained oa the nominal engine evaluation and the
spuriovs solution is obtained, the AUTCCOM prograrm will "track' the

sturious root. Hence, the enalyst must take care tc insure that the

O

orrect roots are found on the nominzl design befcre embarking on an

optimization run. This point is elso discussed in Section 3.3.

The engine rating after twenty design perturbations and the corres-—
ponding average engine cheracterisiics are presented in Table VII.

It can be seen that based on the selected average engine characteristic
veights which provide the rating in the form of payload lost, a2 gain

of 23% pounds payload has resulted when compared to the nominal design
cf Tevle ITI. It can also be seen that the average stability charac-
teristic contribution to the rating is now negligible and that payloed
is being gained primarily by reduction of the performance characteristic
renalty. Pursuing this paylosad irprovement, Table VIII, it can be seen
that the performance improvement stems from fjo», per cent mass of fuel
vaporized, and fror slight improverent in C¥ efficiencies for both pulsed

and non-pulsed comdbustors.

.2 TEE FIRST HUNDRED ITERATIONS

Folleowing the first twenty decign iterations discussed in Section 4.1,
the cptimization problem wes restarted without any stability analysis;
end 100 successive design perturbetions were introduced. A combination

of ihe uniform random rey and patter. searches were employe

5
ec,

26
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STERILITY 2l LInmAr dxi{YsIs
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flz

Fl3

Fls
Feo
K2l
Fe2
Fe3
Fza
F2s
Fze
Fetr
Fes
F29
F31
F32
Fal
Fu2
Fa3

Fads

Faub
FS1
Fol

F71

|

u

TABLE VIII. SPECIFIC COMBUSTOR CHARACTERISTICS AFTER

TWENTY DZSIGH PERTURBATIONS
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100.
106.060
100.000
$1.7089

73.8393
Y }

D.
-1635.16 .

~568,349

(=]
Only fpg and fpq stability
roots werce computed

0.

.
R7.9479
50.09R6
433,943
10.0728
9,97362
+ 399630

6.065603E-02

Not Completed
2.20662
?2.0R8429

5.05579



Reference 1. The approximate analysis employed completely neglects
the stability characteristic. The rationale for this approach

was the negligible stability characteristic contribution to the engine
reting, Table VII. This table indicates that the stability charac-
teristic affects the rating in the twenty-fourth significant figure.
This is well below the accuracy of the CDC 6600 computer which, with
sixty bits, is able to provide approximately ten significant decimal

figures.

The nominal engine rating without the penalty of all stability charac-

teristics (4.7 pounds, Teble III) is 293.1 pounds. After 100 successive

design perturbations introduced through the References 1 and 2 multi-
variable search program, AESOP. the rating is reduced to 210.7 pounds.
Rating convergence is illustrated in Figure 2. Convergence behavior

of the combustor design variables is illustrated in Figures 3a through
3c¢. The combustor design variables were allowed to fluctuate by plus
or minus twenty-five per cent ¢f the nominal values in this study. Two
of the design variables, the chamber diameter and the number of fuel
orifices (which equals the number of oxidizer orifices) are practically

on the lower and upper bounds permitted in the study.

The final rating and the characteristic components to the rating are
presented in Table IX. Final design variable values together with
the search limits employed are tabulated in Table X. From Tables III
and IX the rating changes associated with each characteristic are

seen to be

Performance Characteristic 20.9 1bs., gain
Stability Characteristic Not considered
Pressure Drop Characteristic 0.1L4 1bs., gain

Injector Complexity Characteristic 0.72 lbs., loss
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Length Characteristic 36.7 1bs., gain

Chamber Diameter Characteristic 26.7 1bs., gain
Chamber Mixture Ratio Characteristic 1.32 1bs., loss
Total Gain 82.4 1bs.

The total rating gain of 82.4 1bs. produced by the optimization process
of the AUTOCOM code ignores any stability characteristic effect. To
assess this effect, a complete analysis was performed using the Table X
vector of combustor design variables. The rating resulting from this
complete analysis is presented in Table XI. The associated specific
combustor characteristics are presented in Table XII. The stability
characteristic produces a rating component of .16 pounds, a 4.55 pound
improvement over the nominal engine stability characteristic. Comparing
the final rating of 210.8L4 pounds, Table XI, with the complete nominal
engine rating of 297.78 pounds, Table III, the total rating gain obtained
in 100 design perturbations is 86.94 pounds. It is interesting to note
that despite the use of an approximate analysis which resulted in the
stability characteristic being ignored, this characteristic nonetheless
improved during the 100 design iterations. Elapsed computer time for

the 100 iterations, the final complete analysis, and the initial complete
analysis was 250 seconds on the CDC 6600 computer.

4.3 A NOTE ON STABILITY ROOTS AFTER 100 ITERATIONS

The complete stability root set obtained after 100 iterations is presented
in Table XIII. It can be seen that the second frequency corresponding

to 8y, = 3.0543 is missing. This root was the least stable on the

nominal engine, Table IV, but became more stable in the first 20 iter-
ations of Section 4.1, Table VI. Accordingly, a search for this root

was initiated to confirm the stability improvement over 100 iterations.

The root was located as a non-conjugate pair at the points
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NUMBER 320 ENGINE YYPE KOO

TEST Caste
T THRUSY =

SCECIFIC COMAUSTOR CHARACTEN]STICS

PER CEMT MASS FUEL VAPOKIZFD

PER CENT ™ASS NF OXIOIZEw VAFORIZED
C* EFFICIENCY MIXING MODEL

C® EFFICIENCY PULSED COVRIISTORS

C® FFFICIENCY NIN=PULSED COMBUSTORS
FUEL SYSTEYM CHUGHING UECAY RATE
O7INIZFR SYSTE* CHUGGING NECAY RaTE
PULSED INSTARILITY CHAOLCTERISTIC
NON=-PULSED INSTARILITY Cra=eCTER]STIC
DYKEMA FUEL STARILITY DECAY w87F
DYKEMA OXIDIZER STAKILITY DECAY RATE
STABILITY LONGITUDINAL TIVE LaG
STARTLITY TRANSVERSE TIHE LAG
STARILITY LRC PESPCNSE FUNCTION
STARILITY PRIEM LIMNEAR AnALYSIS

FUEL POFSSURPE DFOP CHARACTERISTIC

OXINIZFP POPFSSUKE NEOP C=avACTEX1ISTIC

FUFL PLUS OXIUTZER HOLES CHARACTERISTIC

OXINIZFR DOME VILUME CHARACTZRISTIC
FUEL DOME VvOLUME CHARACTEw]STIC
OXINIZFF AOLE LENGTH CHARACTERISTIC

FUSL HOLE LENGTH CHAKACTEWISTIC

INJECTOR TYPE CUMPLEXITY CHARACTERISTIC

INJECTUR LFMGTH CHaRLCTERISTIC
CHAMHFR NTANETFP CHAACTERISTIC

MIXTURE RATIO ChARACTERISTIC

15000 POUND
U2 /7 B2 PROPELLANT
OPTIMIZATION KUN

Fll
Fl2
Fl3
Fla
F1S
Fzo
F2l
F22
Fe3
Feu
Fés
Fa26
Fev
Fes
F29
3
F32
Fay
Fa2
Fa3
Fad
F45
Fab
FS)
Fol
F71

"

n

i

"

TABLE XII. SPECIFIC COMBUSTOR CHARACTERISTICS AFTER

100 DESIGN PERTURBATIONS

38

100.
100.000
100.000
BT 7264
T72.5573
~-126k%,
-184,

~71.4183

Not Computed
Not Computed
-2920.49
-2861.51
~R40BHG
~423.008
-?27336.7
71.25K5
59.9856é
837.514
103573
10.54R8
+373510
6,653640E~02
Not Computed
1.92034
1.48657
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[
]

(-.44309k + 32.73775)

and (-.552853 + j3.61289)

(3]
I

Both roots are well damped; however, since the imaginary parts of these
roots differs markedly from the value of Svh(3.05h3) a "ray search" was
carried out through the design space. This search proceeded along the

ray joining the nominal engine design to the final design obtained after
100 iterations. The ability to carry out this type of ray search through
an'n-dimensional space {in this case, a twelve-dimensional space) is a
standard feature of the AESOP program. Fifty-two points were equi-
distributed along the ray search joining the nominal and final design.

The root corresponding to SVh = 3.0543 was tracked along the ray, starting
from the nominal design. Root variation along the ray is presented in

Figure 4. The root at
z = (-.03257 + j3.0521)

presented in Table VI tracks continually into the root at
2, = (-.44309% + 32.73775)

confirming this root as a valid solution to the stability root charac-
teristic equation. Both final roots, zj and zp, obtained for SVh = 3.0543
are, therefore, considered to be valid roots. Their heavily dampeu

nature results in their providing no contribution to the final engine
rating. It can be seen from Figure U that the root at zj is becoming

more stable as the design progresses and that the root at z2 is becoming

less stable.
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4.4 VERIFICATION OF THE OPTIMAL SOLUTION

The optimal solution reported in Section 4.2 was verified in two ways.
First, the solution was continued for 100 additional iterations with
the uniform, random ray and pattern search algorithm. A slight perfor-
mance improvement resulted. A final rating of 209.43 pounds was
attained, a gain of 1.3 pounds over the solution of Section 2.2.
Second, the solution was restarted from the nominal solution using

a different search algorithm., The algorithm used in this second
solution was a recently developed directed random ray search, Appendix
B, in c.mbination with the pattern acceleration algorithm. The final
rating obtained by this method was 209.46 pounds after 100 iterationms.
Convergence of this solution has been added to Figure 2. It is clear
that a final solution has been obtained. It is also clear that the
nevwly developed search provides more rapid convergence to the solution
than the older uniform directed ray search. This behavior is in keeping

with other tests of the new search. *

L2




5.0 CONCLUSION

The AUTOCOM code has successfully developed an improved engine design
starting from the existing nominal engine. The payload potential of
the engine was improved by 8T pounds as measured by the rating equation.
Computer time required by the AUTOCOM code was minimal. The average
time requirement for an assessment of each combustor design was approx-
imately two seconds on the CDC 6600 computer. Computer time absorbed
by ilie optimization subprogram AESOP in determining suitable design
variable perturbations was negligible--approximately 103 seconds. The
engine was optimized in one hundred design perturbations; hence, total
coﬁputer time required to optimize the design was approximately four

(4) minutes. More computer time would be required if combustor stability
problems had been encountered. In this eventuality, it is estimated
that twenty (20) minutes computer time would be required to obtain a
solution. A definitive assessment of computer time in such a case

awaits further experience using the AUTOCOM code.

An examination of the optimal engine components reveals that the
payload gain was largely obtained from improvements in the perfor-
mance, chamber length, and chamber diameter characteristics. Small
payload gains also resulted from improved stability and pressure A
drop characteristics. The injector complexity characteristic and the
chamber mixture ratio characteristies both contributed performance

losses when the final engine is compared to the nominal engine.

A complicated set of design variable perturbations were introduced

to obtain the payload capebility improvement. An assessment of the

L3



design variable changes introduced by the optimization algorithms
indicates that the number of fuel and oxidizer holes, volume of the
oxidizer dome, volume of the fuel dome, length of the combustion
chamber, chamber diameter, and the mixture ratio gre all sensitive
design variables in the engine considered. In particular, in both
optimal solutions obtained the number of fuel and oxidizer holes
rapidly rises to the upper limit permitted, indicating that further
payload improvement might result from a further increase in the
number of holes allowed. Diameter of the fuel holes, diameter of
the oxidizer holes, length of the fuel holes, and length of the
oxidizer holes were relatively insensitive design variables for the
engine design considered, presumably because of the basic stability

of this engine.

Ly
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AFPPENDIX A
OUTLINE OF THE AUTOCOM PROGRAM ANALYSIS

The AUTOCOM program automatically determines the combustor chamber
characteristics given the chamber design variable values. The

analysis considers performance, stability, and injector complexity
characteristics. In an optional mode of operation, the program
possesses the ability to automatically perturb the design parameters
defining the engine characteristics (optimization). Stability and
performance analysis modules available within the program are described

below.

Al. PER CENT MASS OF FUEL VAPORIZED (FUNCTION f£31)

Per cent mass of fuel vaporized is computed by the method of NASA TR-67,

Reference Al.

"A model and theory for describing the rocket combustion
process are described. The model is based on the
assumption that propellant vaporization is the rate-
controlling combustion process. Calculations of the
vaporization rate and histories show the effects of
propellants, spray conditions, engine design parameters
and operating parameters on the vaporization process.
The results are correlated with an effective chamber
length for ease in using them for design purposes. An
analysis is presented on the quantitative effect of
incomplete propellant vaporization on combustor perfor-
mance. With this analysis, experimental and calculated
combustor performences are compaved for injectors where
drop size can be calculated. For other injectors the
drop sizes are deduced and are shown as functions of

injector type and orifice size."

A




A2. PER CENT MASS OF OXIDIZER VAPORIZED (FUNCTION f15)

Per cent mass of oxidizer vaporized is computed by the method of

Reference Al in a similar manner to the fuel vaporization method

summarized above.

A3.

C* EFFICIENCY BY MIXING MODEL (FUNCTION f13l

The first method available for computing C¥ efficiency is based on
the method of NASA TN-2881, Reference A2:

"A model for predicting rocket combustion performance is
presented which is based on the assumption that performance
is limited only by gas-phase turbulent &iffusion, or
mixing, of oxidant and fuel vapors. The model shows how
mixture ratio, chamber length, injector-hole spacing,

and turbulence intensity affect performance.

"Many physical processes occur simultaneously in a rocket
combustor. In order to understand the importance of the
various processes, such as vaporization, gas-phase mixing,
or chemical reaction, each one is considered separately so
that their effects on combustor performance may be deter-
mined and compared. The vaporization process in rocket
combustion is well understood, and an exhaustive analysis
of it has been presented in the literature. Chemical
reaction rates are usually considered to be very rapid ang,
therefore, not a limiting factor in controlling the rocket
combustion process. A treatment of the relative importance
of chemical reaction rates in rocket combustion is presented
in Reference A3. The mixing process, though less understood,
may possibly be, under certain conditions, a rate limiting

step in the combustion process.




Al,

"In essence, the model developed in Reference A2 combines
the highly generalized results of Reference Al with a
technique similar to that suggested in Reference Al. 1In
Reference Al, it is suggested that the effect of mixing

on performance may be determined by calculating the perfor-
mance of many small areas in a combustor cross section and
averaging the results. The results of Reference Ak show
how propellant concentration varies radially across the
combustor as a function of chamber length, injector hole
spacing, and intensity of turbulence, but do not indicate

what effect such variations might have on combustor performance.

"The method of NASA TN-2881 translates the generalized
concentration profiles of Reference AL into combustor
performance values. A model based on that of Reference Ak
enables mixing-limited performance to be calculated for
particular propellant systems as a function of chamber length,
turbulence intensity, injector-hole spacing, and operating
propellant mixture ratio. Results of detailed digital computer
calculations using this model are presented in Reference A2
for eight propellant systems: oxygen with hydrogen, ammonia,
hydrazine, and JP-L; fluorine with hydrogea, ammonia, and

hydrazine; and nitrogen tetroxide with hydrazine."

C* EFFICIENCY FOR PULSED COMBUSTORS (FUNCTION flkl

C¥ efficiency for pulsed combustors is computed by the statistical

relationships presented in NASA CR-T2370, Reference A5S.

"The bbjective of this method is the establishment of
criteria for the design of stably operating liquid

propellant rocket engines by means of a systematic

A3




analysis of existing test data. In this analysis,
relationships were sought between engine design
variables, operating variables, and stability charac-
teristies. The results of theoretical and experimental
studies of combustion instability were used as guides

in seeking these relationships.

"The method was established by
1. Developmént of a system for collecting
rocket engine stability test data and
utilization of this system to collect

such data from a wide variety of engines.

2. Definition and evaluation of functions
of engine variables (parameters) which

may be related to stability characteristics.

3. Establishment of relationships between
engine design and stability parameters by
analysis of the collected experimental
data.

k., Formulation of an approach for utilizing
these design-stability relationships in the

development of new engines,

"The results provide a comprehensive description of past
experience with combustion instability in various engine
types. The design approach offers a means for utilizing
this experience to avoid development of new engines which

are prone to instability."

Ak




A5. C* EFFICIENCY OF NON-PULSED COMBUSTORS (FUNCTION flSl

C¥ efficiency for non-pulsed combustors is computed by the statistical

relationships presented in NASA CR-72370, Reference A5, discussed above.

A6. CHUGGING DECAY RATE BASED ON FUEL SYSTEM (FUNCTION fQOl

Function f20 measures the fuel system chugging decay rate based on the
method of Reference A6 for either pump or pressure fed systems. Pump
fed systems decay rates are found from the eigenvalues of the charac-

teristic equation 2.04.03 of Reference A6.

Fls) = (1 + Es +JEs2)[1 + s - n + ne-Ts]+ PEse '° = 0 (2.04.03)

Pressure fed system decay rates are found from the eigenvalues of the
characteristic equation (2.05.02) of Reference A6.
~Ts

)

F(s) = [i + Js + JEys? + J2Ey(1-y)s3](1 + s -~ n + ne

+ Pe 'S (1 + JEys2) =0 (2.05.02)

Eigenvalues are found by application of modern optimizatibn procedures

to minimization of |F(s)| followed by root sweeping.

AT. CHUGGING DECAY RATE BASED ON OXIDIZER SYSTEM (FUNCTION f2ll

Function fp; measures the oxidizer system chugging decay rate by the

method of Section A6 above.

A8. STABILITY CHARACTERISTICS FOR PULSED OPERATION BASED ON_STATISTICAL
CORRELATICON (FUKCTION foo)

Function f22 is the characteristic for pulsed operation based on the
regression analysis of Reference A5. Basis of this approach is described

in Section Al,

A5




A9. STABITITY CHARACTERISTIC FOR NON-PULSED OPERATION BASED ON
STATISTICAL CORRELATION (FUNCTION f23_)_

is the characteristic for non-pulsed operation based on

Function f23

the regression analysis of Reference A5. Basis of the approach is

described in Section Al.

Al10. FURL SYSTEM HIGH FREQUENCY STABILITY DECAY RATE BASED ON TIE
Mt /i1OD_OF DYKEMA (FUNCTION fol)

Function fp), is the fuel system high frequency stability decay rate
based on the method of Dykema, Reference AT. The characteristic
decay rates of selected longitudinal and transverse mode combinations

are computed. The Dykema method provides

"A simplified engineering approach to the analysis of
high frequency combustion instability in large liquid
rocket engines. The approach stems from theoretical
consideration of pressure and time dependent droplet
combustion. There results a dimensionless correlating
parameter called a stability number (Ng) which essen-
tially represents the dimensionless ratio of a charac-
teristic molecular diffusion time to a characteristic
acoustic time. Stable and unstable ranges of Ng are
defined, and Ng is reduced and simplified to common,
readily measurable engineering terms involving the in-
Jjector orifice pattern (size and number of orifices),
the frequency of the acoustic modes, chamber pressure,

and propellant flow rate."

All. OXIDIZER HIGH FREQUENCY STABILITY DECAY RATE BASED ON THE METHOD
OF DYKEMA (FUNCTION £, )

Function f25 is the high frequency stebility decay ratc based on the

method of Dykema, Reference AT. The characteristic decay rates of

A6




iT7

selected combinations of longitudinal and transverce modes are

corputed. The Dykema method is summarized in Section A10.

A12, STABILITY DECAY RATE FASED ON SENSITIVE TIME LAG MODEL FOR
LONGITUDINAL MODE (I'UNCTION fpg)

Function f26 is the stability decay rate characteristic based on
the sensitive time lag model for a longitudinal mode, Reference A6.
The correlation equations for the interaction index developed by
Reardon of Aerojet is incorporated in the model. Decay rates are

based on the eigenvalues of Equation (3.01.20) of Reference A6.
28 s
=——— = M[(1 = Yn) + yne "] (3.01.20)

The solution is subdivided into
a. Non-hypergolic propellant with coaxial injection
b. Non-hypergolic propellaut with non-coaxial injection

c. Storable propellants

Al3. STABILITY DECAY RATE BASED ON SENSITIVE TIME LAG MODEL FOR
TRANSVERSE MCDE (FUNCTION f21l
Function f27 is the stability decay rate characteristic based on the

sensitive time lag model of Reference A8. Decay rates are based on

modifications to the characteristic Egquations (28) of Reference AS8.
+ =
hlP h 0

2
B, = v3_[1-] “(a/u_)az]
1 =YY, l—JSvh E u/ue z
(0]

AT




- 1
hy = =(Y + )i - J(F - Psyyze

N 1 ©
+E[§ - = (f - ?) + 3(y + l)S“hue .[ (u/ue)dz]
0

As in Function f26 the model is specialized for
a. Non-hypergolic propellant with coaxial injection
b. Non-hypergolic propellant with non-coaxial injection

¢c. Storable propellants

All., STABILITY DECAY RATE BASED ON THE RESPONSE FUNCTION APPROACH OF
LEWIS RESEARCH CENTER (FUNCTION f28l

Function f28 is the decay rate determined from the acoustic wave solutions
of Priem and Rice, Reference A9. Response functions for liquid propellants
are determined by Reference Al10. Response functions for gasecus propellants

are determined by Reference All.

A15. STABILITY CHARACTERISTIC BASED ON THE NON-LINEAR ANALYSIS OF
PRIEM AND GUENTERT {F¥FUNCTION fggl
Function f is the decay rate based on the non-linear analysis of Prienm

29

and Guentert, Reference Al2.

"Regions of combustion instability in rockets are calculated
from a non-linear theory that considered the combustor to
be an annular section with very small thickness and length.
Two models are used to determine the local burning rate.
One assumes that the burning rate is equal to the wvapori-
zation rate; the other assumes that the burning rate is
equal to the chemical~reaction rate. The results show that
a finite disturbance is required to produce instability.
The instability regions are found to be a function of

several design parameters and to be insensitive to the

A8




activation energy, specific~heat ratio, and order of
reaction of the propellants. The vaporization rate

mo¥21 is more sensitive to a pressure disturbance for
design parameters corresponding to conditions encountered
in large combustors. The chemical-reaction-rate model

is more sensitive to a pressure disturbance for conditions
corresponding to small research combustors. Wave shapes

and characteristics are determined for various conditions."

Al6. ENGINE DESIGN AND COMPLEXITY CHARACTERISTICS

The remaining functions in Figure Al are straightforward engine design

and complexity factors.

f is the fuel pressure drop characteristic

f is the oxidizer pressure drop characté;istic

fhl is the number of fuel plus oxidizer holes characteristic
fh2 is the volume of the oxidizer dome characteristic

fh3 is the volume of the fuel dome characteristic

fhh is the length of the oxidizer holes characteristic

th is the length of the fuel holes characteristic

fh6 is an injector-type complexity characteristic

f is the chamber length charaoteristic

A9




f61 is the chamber diarzter characteristic

T is the mixture ratio characteristic

T1




A3.

Ak,

A5,

A6,

AT.

A8.
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APPENDIX B
DIRECTED RANDOM RAY SEARCH

This search proceeds along a succession of random rays distributed
about a best estimate of the gradient vector. The search can be
used in combination with the pattern search acceleration procedure

of the ALSOP program.

The best gradient vector estimate, ﬁ, is based on a weighted combi-
nation of the 0ld gradient vector estimate, ﬁold’ and the latest
search step direction which improved performance, R'.

R = (Wy * By ;. + Ry')/(Wg + 1.0) (B1)

i R 1d
The search step directions explored are baged on a weighted combi-
nation of the best gradient vector estimate, R, and a small random

vector, r.
a, = (Ug + By + 1;)/(UR +71) (B2)

On problems involving a pronounced ridge in the control space, this
search will prove efficient. Once the approximate direction of the
ridge is established by a performance improvement, the random rays
are focused in the genersl direction of the ridge, and excursions
outside the region of improvement tend to be minimized. The search
is sensitive to the weighting constant values Up and WR. Based on

a study of the Rozenbrock Valley problem, nominal values of WR = 5.0

and UR = 2.5 are recommended.
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It should be noted that while the directed random ray search proves
effective when an approximate ridge direction is defined, Figure Bl,
it may prove wholly ineffective when the ridge abruptly changes
direction, Figure B2, or when acquisition or a ridge requires a
large directional change, Figure B3. To avoid convergence failure
in these last two situations, the weighting constant, U,, which
focuses the random rays must be adaptively determined. VWhen further
progress proves impossible for a given value of Ug, this weighting
constant must be decreased. As Up -+ 0, the search approaches the
wniform random ray search which permits an abrupt change of search
direction. Following establishment of a new search direction, the
random reys are refocused along the new approximate ridge direction
by an increase in Ug. Logic to focus and defocus the directed

random rays is included in the AESOP code.
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APPENDIX C

WEIGHTING FACTOR CONSTANTS USED FOR
THE SAMPLE CASE OF THE 15,000 LBF ENGINE

A = 150.0
Aprp = 200.0
Agrpp = -00069
hpry = -0395

Apyp = 350
Apyrr = 66.0
Bpp = 1.0
Bppp = 0.0
Bprpp = 1-8
Bpry = 240
Boy = 1.86
Bpyp = 210

Constant of the performance characteristic in
the rating equation.

Constant of the stability characteristic in
the rating equation.

Constant of the pressure drop characteristic
in the rating equation.

Constant of the injector complexity characteristic
in the rating equation.

Constant of the chamber length characteristic

Constant of the chamber diameter characteristic

Constant of the mixture ratio characteristic in
the rating equation.

Exponential on the performance characteristic
in the rating equation.

Exponential on the stability characteristic in
the rating equation.

Exponential on the pressure drop characteristic
in the rating equation.

Exponential on the injector complexity éharac—
teristic in the rating equation.
Exponential on the chamber length characteristic

Exponential on the chamber diameter characteristic

Cl



Bevrl = 1.16 Exponential on the mixture ratio c¢haracteristic
in the rating =~quation.

CFII = .1 Exponential on the stability characteristic
in the rating equation.

afll = 0.0 Constant in the performance characteristic
equation.

8pin = 1.0 Constant in the performance characteristic
equation.

83 = 1.0 Constant in the performance characteristic
equation.

8p), = .01 Constant in the performance characteristic
equation.

aflS = ,01 Constant in the performance characteristic
equation.

af20 = 1.0 Constant in the combustor stability characteristic
equation.

801 = 1.0 Constant in the combustor stability characteristic
equation, -

af22 = 1.0 " Consiant in the combustor stability characteristic
eguation.

af23 = 0.0 Constant in the combustor stebility characteristic
equation.

des) = 0.0 Constant in the combustor stability characteristic
equation.

af25 = 1.0 Constant in the combustor stebility characteristic
equation.

@eng = 1.0 Constant in the combustor stability characteristic
equation.

asz = 1.0 Constant in the combustor stability characteristic
equation.
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a = 1.0 Constant in the combustor stability characteristic

128 P

equation.

af29 = 1.0 Constant in the combustor stability characteristic
equation.

af3l = 2.0 Constant in the fuel pressure drop characteristic
equation.

8p30 = 1.0 Constant in the oxidizer pressure drop characteristic
equation

P = ,009 Constant for the injector orifice number.

ao)p T .125 Constant for the oxidizer dome volume.

afh3 = ,125 Constant for the fuel dome volume

ag), = 5.625 Constant for the length of the oxidizer orifices.

8oy = 4.16 Constant for the length of the fuel orifices.

a6 = 0.0 Constant for the injector type complexity.

afSl = 1.0 Constant for the chamber length characteristic

af52 = 1.0 Exponential on the chamber length characteristic

afGl = 1.0 Constant for the chamber diameter characteristic

Brgn = 1.0 Exponential on the chamber diameter characteristic

ale = 4.0 Constant for the mixture ratio characteristic.

bf71 = 5.06 Constant for the mixture ratio characteristic.

af72 = 2.0 Exponential on the mixture ratio characteristic
equation.
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